these two activities (T/H ratio). We previously obtained by directed evolution the mutants F401S and N282T of Thermus thermophilus β-glycosidase (Ttβ-gly, GH1), which display a higher T/H ratio than the WT enzyme. In order to find the cause of these activity modifications, and thereby set up a generic method for easily obtaining transglycosidases from glycosidases, we determined their X-ray structure. No major structural changes could be observed which could help to rationalize the mutagenesis of glycosidases into transglycosidases. However, as these mutations are highly conserved in GH1 β-glycosidases and are located around the -1 site, we pursued the isolation of new transglycosidases by targeting highly conserved amino acids located around the active site. Thus, by single-point mutagenesis on Ttβ-gly, we created four new mutants that exhibit improved synthetic activity, producing disaccharides in yields of 68 to 90% against only 36% when native Ttβ-gly was used. As all of the chosen positions were well-conserved among GH1 enzymes, this approach is most probably a general route to convert GH1 glycosidases into transglycosidases.
. Localization of the targeted residues in native Ttβ-gly (PDB code: 1UG6). Carbons are shown in black, oxygens in grey and nitrogens in white. A β-D-fucose molecule is docked in the active site by superimposition with the 2-deoxy-2-fluoro-D-glucosyl using the glycosyl-enzyme structure of B. polymyxa β-glycosidase (PDB code: 1E4I these two activities (T/H ratio). We previously obtained by directed evolution the mutants F401S and N282T of Thermus thermophilus β-glycosidase (Ttβ-gly, GH1), which display a higher T/H ratio than the WT enzyme. In order to find the cause of these activity modifications, and thereby set up a generic method for easily obtaining transglycosidases from glycosidases, we determined their X-ray structure. No major structural changes could be observed which could help to rationalize the mutagenesis of glycosidases into transglycosidases. However, as these mutations are highly conserved in GH1 β-glycosidases and are located around the -1 site, we pursued the isolation of new transglycosidases by targeting highly conserved amino acids located around the active site. Thus, by single-point mutagenesis on Ttβ-gly, we created four new mutants that exhibit improved synthetic activity, producing disaccharides in yields of 68 to 90% against only 36% when native Ttβ-gly was used. As all of the chosen positions were well-conserved among GH1 enzymes, this approach is most probably a general route to convert GH1 glycosidases into transglycosidases.
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INTRODUCTION
Carbohydrates play major roles in biology such as in the inflammation reaction, cell death, cellular interactions, stabilization of proteins, adhesion of pathogenic microorganisms and binding of toxins (Hart & Copeland 2010; Lichtenstein & Rabinovich 2013; Ghazarian et al. 2011 ). However, their use as therapeutic agents is hindered by their poor availability. In fact, unlike for proteins and nucleic acids, there is no general synthetic route for oligosaccharides and, despite the considerable development of efficient methods in this field (Wang et al. The enzymatic synthesis of glycosidic bonds can be performed by glycosyltransferases or transglycosidases. The former can catalyze the formation of glycosidic bonds with both high yield and selectivity, but their use is limited in the large-scale production of oligosaccharides by the difficulty in accessing activated sugar donors (sugar nucleotide for Leloir-type transferases or phosphate sugars for non-Leloir types) (Lairson et al. 2008) even if a recent approach seems promising (Gantt et al. 2013) . As an alternative, engineered retaining glycosidases have provided an efficient approach for the synthesis of oligosaccharides. A first methodology was based on the substitution of the catalytic nucleophile (aspartate or glutamate) by a neutral amino acid (glycine, serine, cysteine or alanine) and the use of activated donors with an anomeric configuration opposite to that of the original substrate (such as α-glycosyl fluorides), which yielded new enzymes called glycosynthases (Wang et al. 1994; Mackenzie et al. 1998; Malet & Planas 1998; Cobucci-ponzano et al. 2012) . A second approach, which was developed recently in our laboratory, was based on the directed evolution of glycosidases into transglycosidases Osanjo et al. 2007 ). These two approaches were validated on Thermus thermophilus β-glycosidase (Ttβ-gly), an enzyme which belongs to the glycoside hydrolase family 1 (GH1) (Henrissat 1991; Cantarel et al. 2009 ), for which both efficient glycosynthases and transglycosidases were obtained Drone et al. 2005; Marton et al. 2008) . Directed evolution of glycosidases was carried out to obtain mutant enzymes having almost lost their hydrolytic activity while keeping significant transglycosylation activity Osanjo et al. 2007 ). The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   4 resulting mutants have an improved transglycosylation/hydrolysis ratio (T/H), and have similar efficiencies to glycosynthase enzymes (Teze et al. 2013a; Feng et al. 2005; Osanjo et al. 2007 ). The most challenging part of directed evolution is the screening of large mutant libraries. This has recently been overcome, however, by the development of a digital screening procedure which can discriminate, directly on colonies, the mutant enzymes presenting a better T/H balance (Koné et al. 2009 ).
Although molecular modeling was tentatively applied to explain why these evolved mutants have improved transglycosidase activities Osanjo et al. 2007; Teze et al. 2013b ), we could not determine precisely the molecular events leading to the improved T/H ratio. This knowledge would be interesting from a fundamental point of view to understand how glycoside hydrolases regulate the partitioning of the glycosyl-enzyme between hydrolysis and transfer products (Scheme 1). Moreover, it would be useful to set up a rational approach for the design of glycosidases into transglycosidases. In this way, by targeting only a few amino acids, library sizes could be reduced and this approach could be rapidly extended to other glycosidase families.
Therefore, the aim of this study was to investigate the molecular basis of the improved transglycosylation activity of two single mutants of Ttβ-gly: F401S and N282T ) by determining their X-ray structures. Since no major structural changes were observed, bioinformatic studies were also undertaken within the CAZY family 1 (GH1), which revealed that these mutated positions belong to highly conserved positions around the -1 site. Several other positions that were identified as highly conserved were mutated and tested for their transglycosylation activity. Dion et al. 1999) ) in a 50-µl PCR tube. The reaction conditions were: 1x Dynazyme buffer, 0.14 mM of dCTP and dGTP, 0.06 mM of dATP and dTTP, 1.5 mM MgCl 2 and 2.5 U of polymerase Dynazyme Ext (Finnzymes). The reaction was thermocycled as follows: 96°C 5 min, then 30 cycles at 96°C 30 s; 55°C 30 s and 72°C 5 min. An overlap PCR was then performed using the obtained PCR products as a template and the primers D and F (Higuchi et al. 1988 ). These PCR products were digested by the EcoRI and PstI restriction enzymes and cloned back into the pBTac2 vector digested by the same enzymes and the resulting plasmids were transformed into competent XL1 blue cells. The 1.3-kb DNA fragments encoding the mutant Ttβ-gly enzymes were sequenced in both forward and reverse directions.
MATERIALS AND METHODS

Protein expression and purification
Recombinant strains expressing the Ttβ-gly mutant genes were grown in 1 L of LB medium at 37°C overnight, centrifuged and resuspended in 20 mL of lysis buffer (0.1 M phosphate, pH 8, 0.5 M NaCl, 10 mM imidazole). After sonication and centrifugation, supernatants were heated for 20 min at 70°C to precipitate most of the host proteins and centrifuged again. Then the 6xHis-tagged proteins were purified by immobilized ion metal-affinity chromatography (IMAC): 250 µL of Ni-NTA Superflow (Qiagen) are added to the supernatant and stirred for 1 h at 4°C, then loaded on a 10 mL column. The column is washed using 25 mL of washing containing 150 mM NaCl. The purity of the final product was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and protein chip (Agilent). Enzyme concentrations were determined by UV absorbance at 280 nm using a NanoDrop 1000 (Thermo Scientific).
Crystallization and data collection
Crystals of Ttβ-gly mutants were grown using the hanging drop vapor diffusion technique in which a drop consisting of 2 µL of the protein solution and 1 µL of the reservoir solution (0.15 M sodium cacodylate, pH 6.5; Tris-citrate sodium 0.6 M) was equilibrated against the reservoir solution at room temperature. Rod-shaped crystals grew in two months and were flash cooled under a nitrogen stream after soaking them briefly in reservoir solution containing 25% glycerol.
The data were collected on the beam lines BM30 (N282T and N390I) and ID14-1 (F401S) at ESRF (Grenoble, France). Data collection parameters are reported in Table S1 .
Structure determination refinement and analysis
The three-dimensional structures of the mutants F401S, N282T and N390I of Ttβ-gly were determined by molecular replacement with the MOLREP program (Vagin & Teplyakov 1997) . The structure of native Ttβ-gly (PDB code 1UG6) was used as a search model. The structures were refined by restrained refinement using the program REFMAC5 (Murshudov et al. 1997) Table S1 . (Apweiler et al. 2004 ) and multiple sequence alignment (MSA) was performed with CLUSTALW (Chenna et al. 2003) .
Bioinformatic analysis
To assess the degree of amino-acid residue conservation, 240 different sequences more than 40% identical to the Thermus thermophilus beta-glycosidase (Ttβ-gly) sequence were considered. Hereafter, amino-acid residues found conserved in more than 98% of these sequences are termed "highly conserved".
Kinetic studies
All kinetic studies were performed with a TECAN spectrophotometer at 40°C in PBS 1x (NaCl 137 mM; KCl 2.7 mM; NaH 2 PO 4 10 mM; KH 2 PO 4 1.76 mM; pH 7.4). Initial reaction rates were calculated from the slope of the zero-order plot of product concentration (pNP) against reaction time, then the initial rates of reaction were plotted against substrate concentration and the resulting curves were fitted to the hyperbolic equation
) using Origin 7.0 (OriginLab) to obtain the k cat and K m parameters.
When initial velocities did not exhibit saturation behavior at high substrate concentration, only k cat /K m were evaluated by measuring the initial slope of the curve v=f([S]) using R 2.15.0 (www.r-project.org). All the measurements were made in duplicate with at least 12 different substrate concentrations from 4.9 µM to 10 mM.
Capillary electrophoresis measurements
Transglycosylation activities with pNP-Fuc as donor and N-methyl-O-benzyl-N-(β-Dglucopyranosyl)-hydroxylamine (Teze et al. 2013a ) as acceptor were determined by capillary electrophoresis (Beckman P/ACE System 5000 with an uncoated fused silica capillary, 47 cm) as previously described (Teze et al. 2013a) . 200 µL of medium containing 10 mM imidazole (used as an internal standard), 15 mM pNP-Fuc, 15 mM BnON(Me)-Glc and the enzyme (enzyme amounts are indicated in Fig. 4 ) were incubated at 40°C in PBS in the capillary electrophoresis apparatus and analyzed every 20 min for 5 h. Separations were Donors, acceptor, products and pNP were detected by UV absorbance at 214 nm and quantified by comparison with imidazole (we previously checked that imidazole does not inhibit the enzyme at this concentration). Five experiments with the native enzyme and the F401S mutant gave maximum yields within a percent precision.
Mass spectrometry
Enzymatic product was permethylated according to Anumula et al. (Anumula & Taylor 1992 ) and mass measurements were performed on an Autoflex III MALDI TOF/TOF mass spectrometer (Bruker Daltonics, Germany) equipped with a Smartbeam laser (200 Hz, 355 nm) in positive ion mode. For tandem mass spectrometry acquisition, argon was used as a collision gas with heCID fragmentation conditions (Lewandrowski et al. 2005) . A DMA/DHB ionic matrix was prepared as described previously (Ropartz et al. 2011 ) and laser power was optimized for parent isolation and mass measurement of the fragments. 500 laser shots were added in parent mode and 4500 laser shots in fragment mode. Mass spectra were automatically processed with Flex Analysis 3.0 software (Bruker Daltonics, Germany) and manually annotated (see Figure S1 ).
RESULTS
Structural studies of the Ttβ β β β-gly transglycosidase mutants
In order to assess a possible structural basis for the modification of the transglycosylation/hydrolysis ratio in the Ttβ-gly mutants obtained by directed evolution , the 3D structure of mutants F401S and N282T was determined by X-ray crystallography. Diffraction data for mutant N390I could not be collected with a good enough resolution. These mutants showed the highest transglycosylation activity compared to the wild type enzyme. They were crystallized as stable rod-shaped crystals, which belong to different space groups, P2 1 (F401S) and C2 (N282T), which are also different to that reported for WT Ttβ-gly (C222 1 ) (1UG6.pdb). The structures of the F401S and N282T mutants were obtained at a resolution of 2.2 Å and 2.0 Å, respectively (Table S1 ), which was sufficient to make reliable comparisons with the wild type structure. The estimated coordinate error based on the R-factor (18) for these structures is 0.14 Å and 0.19 Å for N282T and F401S, respectively.
For each mutant, three molecules were observed per asymmetric unit, with a chain C more disorganized than the others (Table S1 ). Using the data for chain A, mutant structures were superimposed on that of the wild type enzyme to detect possible structural differences induced by the mutations but no overall change was observed (all-atom.rms < 0.13 Å). As shown in Figure 1 , even within the active site, no significant reorientations of the amino acid side chains were detected, except for those corresponding to the mutations. A closer look at the structures of the active site revealed minor changes, such as, in the N282T mutant, a slight shift of 0.7 Å of the oxygen of the acid/base residue (E164) away from the 282 residue, but still at a classic distance (3 Å) to make a hydrogen bond. In the F401S structure, despite the marked local modification induced by the mutation, only slight shifts could be detected on M310 (0.8 Å) and W385 (0.4 Å) residues. This last movement might be functionally important, since W385 is known to interact strongly with the substrate (Nerinckx et al. 2003 ).
In order to detect possible structural differences in the glycosyl-enzyme intermediates, for which water and sugar compete in the hydrolysis and transglycosylation reactions (Scheme 1), protein crystals were soaked with DNP-β-D-2deoxy-2-fluoro-glucopyranoside (DNP-G2F).
This substrate is known as a mechanism-based inhibitor which enables the glycosyl- et al. 1987; Withers et al. 1990; White et al. 1996) . Unfortunately, no electronic density for G2F was detected in the active site, regardless of the mutant tested. Similar results were obtained when mutants were co-crystallized with DNP-G2F, suggesting that spontaneous hydrolysis of this substrate was faster than reaction with the nucleophilic residue (E338) to give the glycosyl-enzyme. Indeed, analysis of the mutant enzyme inactivation in PBS leads only to partial inactivation. Instead, a glycerol molecule, a compound used as a cryo-protectant, was found in the -1 subsite, as in the WT structure. This molecule superimposed well with the C2, C3, C4, F2, OH3 and OH4 of G2F in the structure of the glycosyl-enzyme of Bacillus polymyxa (1E4I.pdb).
Overall, these results show that the improvement in transglycosidase activity of the mutants cannot be attributed to significant active site structural modifications. However this does not exclude that significant structural or water dynamics (Teze et al. 2013b ) changes could occur during the catalytic cycle which are not captured by these particular structures. Thus, our structural comparison of mutants with the wild type enzyme did not provide any general rule that could rationalize the mutagenesis of glycosidases into transglycosidases. We thus looked at other possible common structural characteristics that could link these three point mutations, apart from the fact that they are all located in close proximity to the -1 site.
Amino acid conservation within the GH1 family
Since the mutated residues in the transglycosidases previously obtained by directed evolution (N282, N390, F401) ) are conserved among many GH1, we investigated the conservation of all Ttβ-gly amino acids. Thus, using the Ttβ-gly sequence as query, we obtained 240 sequences which share at least 29.47% of sequence identity between all pairs of sequences. The average conservation was 48.2% with a singular distribution,
showing that 8.6% of amino acids (37 AAs) are at least 98% conserved (Figure 2A ). Knowing the Ttβ-gly structure, their location could be assigned and some assumptions about their putative role in the structure and function within the GH1 family could be made ( Figure 2B ). Firstly, 9 residues seem to be involved in buried salt bridges while 3 aromatic residues are involved in stacking interactions far from the active site. These residues are probably responsible for the structural stability of the (β/α) 8 fold. In addition, 9 glycines and one proline are highly conserved and localized in loops or within the β barrel, suggesting that they might be important for protein folding. As expected, 15 conserved amino acids are located close to the active site, particularly around the -1 site. 10 of them are directly involved in substrate binding or in catalytic activity (Q18, H119, N163, E164, Y284, E338, W385, E392, W393, F401). Five highly conserved residues (R75, S77, W120, N282 and N390) are also located in the second shell around the -1 site. However, no conserved residue was observed around the +1 and +2 site. This finding is probably related to the lack of common aglycone specificity within the GH1 family. More interestingly, among these well-conserved residues close to the active site, three of them (N282, N390 and F401) have been identified by directed evolution of Ttβ-gly as modulating the T/H balance ). This observation prompted us to postulate that mutations of other residues presenting the same conservation characteristics could also modulate transglycosidase activity.
Kinetic characterization of new transglycosidase mutants
When choosing the highly conserved residues to be mutated, catalytic residues (E164 and E338) and those strongly involved in substrate binding by hydrogen bonding or stacking (Q18, H119, W385, E392 and W393) were eliminated to avoid a dramatic decrease in catalytic activity. Among the residues in the first shell of the -1 site, residue N163 was mutated to A and Y284 was mutated to F, since it was previously shown that a corresponding mutation (Y298F) in the β-glycosidase of Agrobacterium sp. (Abg) provoked a strong (Gebler et al. 1995) . Within the conserved second shell residues, there are two of the previously identified positions (N282 and N390), R75, S77 and W120. As S77 is far from the active site (more than 8 Å from the closest glycosyl hydroxyl 3), R75 and W120 were mutated (Figure 3) . For position W120, three different mutations were tested: W120F, W120L and W120C, which conserved, respectively, the aromatic property of the residue (F), its hydrophobic nature (L) or switched to a hydrophilic residue (C). R75 was mutated to A. assessed by capillary electrophoresis in conditions where the donor/acceptor molar ratio was set at 1 ( In contrast, the transglycosylation activity of the mutants exhibited a smaller decrease (10-to 200-fold reduction) compared to the wild type ( Table 1 ). The maximum yield of transglycosylation products for the WT enzyme and the mutants was then determined ( Figure   4 ). All mutants had an overall transglycosylation yield much higher than WT Ttβ-gly, reaching an exceptionally high value in some cases (90% for the Y284F mutant).
Transglycosylation yields were always higher than self-condensation yields, which suggests that the BnON(Me)-Glc acceptor is a better substrate than pNP-Fuc for the acceptor site.
However, the relative yield of the transglycosylation product and self-condensation depends on the mutation. Furthermore, except for the R75A mutant, this acceptor gave a transglycosylation product which was barely hydrolyzed by the enzymes, leading to its accumulation ( Figure 4 ). For the R75A mutant, significant hydrolysis of the transglycosylation products was observed preventing high accumulation of the products and thus reducing the maximum yield (68%).
DISCUSSION
Taken together, these results show that highly conserved amino acids around the active site of Ttβ-gly are relevant targets for obtaining very efficient mutants for transglycosylation reactions. Such an approach enabled us to identify new mutations, namely R75A, W120C, N163A and Y284F, which increase the transglycosylation/hydrolysis ratio, in addition to those that were previously identified by directed evolution (F401S, N282T and N390I) (Feng All these mutations led to lower activity than the WT enzyme. Since k cat /K m is a measure of k 2 /K s (Scheme 1) , no general conclusions can be deduced from the reduction of k cat /K m in Ttβ-gly mutants. However, for all the mutants, the kinetics at high substrate concentration did not reach a plateau and there was an increased rate of pNP release in the presence of a high concentration of pNP-Fuc. The addition of competing acceptors, such as maltose or cellobiose, has been shown to produce similar effects on the kinetics of F401S and N390I mutants Koné et al. 2009 ). Activation of pNP release was also consistently observed for all the new transglycosidase mutants in the presence of an increasing concentration of maltose as acceptor, even at the low substrate concentration of 1 mM (data not shown). So, whatever the effect of the mutations on the glycosylation step, these acceptor-dependent activation processes can be interpreted as an increase in the deglycosylation rate upon addition of an acceptor.
An intriguing feature of our results is that, wherever the position of the mutation around the -1 site, very similar effects were observed on the transglycosylation activity. Correspondingly, we previously showed by saturation mutagenesis that residues F401 and N390 could be substituted by several amino acids (at least by P, K, I, G, Q, N for F401 and I, S, T, D for N390) to give transglycosylation activities similar to that of F401S or N390I, respectively . As these latter mutations, obtained by directed evolution, are barely or not in direct contact with the reaction center, we can assume that most of the functional modifications of catalysis occur via indirect effects, which could induce subtle changes in the structure of the active site. Structural data obtained with the two different transglycosidase mutants confirm that these effects are indeed tiny. For instance, it was suggested that F401 belongs, with W385 and Y284, to a mechanistically relevant hydrophobic platform well (Nerinckx et al. 2003) . The F401S structure indicates that W385 is slightly displaced by 0.4 Å, a movement that could modify the efficiency of this platform in the mechanism (Nerinckx et al. 2003) . The role of F401 itself has been described as mainly a hydrophobic interaction with the methyl group of pNP-fucose. Additionally, it has been shown that the k cat /K m of Abg towards pNP-Xyl (which is identical to pNP-Fuc except that it lacks its methyl) is 140 times lower than that of pNP-Fuc, and that the use of this substrate leads to an increase in the T/H ratio . Therefore, the loss of this interaction, either by mutating F401 or by modifying the substrate, leads to a drastic drop in the kinetic parameters and an increase in the T/H ratio. This strongly suggests that this interaction is important for the stabilization of transition states (TS*), but more for the hydrolysis one than for the transglycosylation one. Besides, the N282 residue is involved in a strong hydrogen bond with the acid-base catalytic residue (E164). In the N282T structure, a slight but significant shift of 0.7 Å was measured for the E164 carboxylate oxygens, which could also affect TS* stabilization. Similarly, the phenolic oxygen of Y284 was proposed to stabilize the TS* by hydrogen bonding to the intracyclic oxygen of the glycosyl and then the excess positive charge in the TS* (Nerinckx et al. 2005 ). This residue was also identified as a general acid catalyst during deglycosylation, stabilizing the leaving nucleophilic catalyst by partially donating a proton (Gebler et al. 1995) . Finally, R75, W120 and N163 belong to a network of residues in close contact with the catalytic residues (Figure 3) . Consequently, mutations of these residues are expected to disturb this network and affect TS* stabilization.
So, we postulate that single mutations of well conserved residues around the -1 active site, wherever they are, induce lower stabilization of the transition states of the reaction, which affects hydrolysis more than transglycosylation. This results in mutant enzymes that have an improved T/H balance. (Withers et al. 1987; Withers et al. 1990 ). This effect on the T/H ratio has been interpreted as being due to stabilizing interactions within the acceptor subsite: the interactions that stabilize the TS* are in both -1 and +1 subsites for glycosylation and transglycosylation but are located only in the -1 subsite for hydrolysis, therefore a decrease in stabilization within the -1 subsite may affect hydrolysis more than transglycosylation (Street et al. 1992) . A similar phenomenon is probably responsible for the effect of our mutations.
In conclusion, the methodology proposed in this work to create improved transglycosidases is much more rapid and efficient than directed evolution, which requires screening procedures on a large library of mutants. Putative function of the 37 most conserved amino acids, numbered according to the Ttβ−gly sequence. Previously known transglycosidase mutations are in bold and catalytic residues are underlined. a D277 is involved in a salt bridge with R207, which is not as highly conserved (85.4% only, K in 7.1% of cases).
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